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Abstract

The structural properties of tin substituted LaNi, compounds and corresponding deuterides
have been investigated by single crystal X-ray and neutron powder diffraction. Tin is found to
substitute nickel exclusively on site 3g of space group P6/mmm. No other significant disorder
occurs in the structure. At tin contents of x=0.4 and x=0.5, the crystal structures of the deuterides
do not significantly deviate from those of other metal substituted LaNi; deuterides. At a tin
content of x=0.2, with higher deuterium content, however, a symmetry decrease to non-

centrosymmetric space group P6mm is observed due to partial deuterium ordering.
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1. Introduction

LaNi; and most of its substitutional derivatives, after very few absorption-desorption
hydrogen cycles, suffer from loss of their crystallinity evidenced by large diffraction line
broadening [1]. With further cycling, the phenomenon is accentuated and leads to
disproportionation [2] of the alloys and decrease of the storage capacity [3,4]. Few substituted
compounds (e.g. aluminium substituted [1,5]) have the ability to better retain the crystallinity.
Among them, tin substituted compounds have especially attracting properties because they show
no line broadening and little capacity decay even after 10000 cycles [4].

The mechanisms for such behaviour have not yet been elucidated. Goodell has formulated
a hypothesis [5] for aluminium substitution. The substitution of nickel by larger atoms on site 3g
(space group P6/mmm) is supposed to prevent a possible La/Ni exchange which would be
responsible for the broadening. Therefore determining on which of the two available nickel sites
(2c or 3g) tin substitutes is important.

Contradictory results have been obtained concerning the crystal structure of tin substituted
compounds. Wasz et al. [6] have made Rietveld refinement of X-ray powder diagrams and states
a preferential occupation of site 3g by tin but no quantitative results are given. As the alloys were
synthesised by mechanical alloying of LaNi; with tin and as no analytical results on sample
compositions are given, doubts exist concerning the equilibrium state and the stoichiometry of the
compounds obtained (compounds are probably over-stoichiometric in nickel).

In addition, Hughes et al. [7] have interpreted unexpectedly large anisotropic displacement
parameters in an X-ray single crystal investigation of LaNi,Sn,, compounds by positional
disorder of La and Ni on site 2c. Again no definite results were given and the model was
presented as a simple hypothesis.

The aim of this work was to determine conclusively the crystal structure of the tin
substituted intermetallic compounds. In a second step, the crystal structure of the hydrides
(deuterides) have been obtained in order to make a comparison with the other structures known
for substituted LaNi; compounds and find whether or not a different hydrogen distribution could

be associated with the peculiar properties of the tin compounds.




2. Experimental

The LaNi, Sn, alloys were prepared following the procedure described in [8]. They were
synthesised at the Ames Laboratory of the Iowa State University (x=0.2) or at Hydrogen
Components, Inc. (x=0.4, 0.5) by arc-melting the pure elements. The as-cast ingots were then
annealed at 950°C for 120h (x=0.2) or 91 h (x=0.4, 0.5). Metallographic examination and
elemental analysis by electron probe micro-analysis (EPMA) were performed to check the
homogeneity of the alloys. P-c-T curves were measured using the Sievert's method. Neutron
diffraction patterns were recorded on the 3T2 instrument at the Laboratoire Léon Brillouin in
Saclay (France). Experiments were carried out on powdered intermetallic compounds in a
neutron-transparent vanadium container. The batches of alloy were subsequently activated by 5
absorption-desorption deuterium cycles, transferred to a silica tube for the last deuterium
absorption and closed under controlled pressure after accurate measurement of deuterium content
to obtain the neutron diffraction patterns for the deuterides. All the patterns were refined with the
Rietveld method using FULLPROF [9]. |

Small parallelepiped single crystals (typical larger dimension 60 pm) were found in the
crushed alloy. The diffraction measurement were performed on a Philips PW1100 four-circle
diffractometer with Mo K, radiation in theta range 0°-30°. Half of the reciprocal space was
measured in this region and equivalent reflections were averaged. Analytical absorption
correction was made from the measured crystal shape (indexed faces) and size. Refinements were

made using XTAL 3.2 [10].

3. Results

The matrix compositions of LaNi,,Sn, alloys (x=0.2, 0.4, 0.5) are homogeneous and close
to the nominal ones as can be checked in Table 1. For x=0.4 and x=0.5, inclusions were found
whose composition is close to a LaNiSn phase. The presence of small amount of this phase (1 wt
% and 2 wt %) with SiCo, structure type was confirmed by X-ray diffraction.
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The P-c-T curves measured at 25°C are plotted in Fig. 1 together with data for LaNi
(x=0). One can notice the lowering of the plateau pressure and the decrease of hydrogen capacity
as a function of increasing tin content. The P-c-T curve obtained for x=0.2 is in excellent
agreement with that measured by Luo et al. [11].

The results of the Rietveld refinement of the neutron diffraction patterns are summarized
in Table 2. The three tin substituted compounds were fitted as substitutional derivatives of LaNi
in space group P6/mmm (La on la (0,0,0); Ni on 2¢ (1/3,2/3,0) and 3g (1/2,0,1/2)). For the
refinement and to minimize correlations between the different parameters, the total tin content
was fixed to the nominal content in agreement with EPMA results. After verification that the
substitution of lanthanum by tin led to poorer refinements, tin was assumed to substitute
exclusively on the two nickel sublattices, and its distribution on sites 2¢ and 3g was refined. In
addition, one displacement parameter per site was considered and refined as isotropic. For x=0.5,
the impurity phase LaNiSn with SiCo, structure type [12] was taken into account in the
refinement.

The results of X-ray single crystal diffraction are given in Table 3. Here the total tin
occupancies were left unconstrained, yielding overall tin contents for the three crystals (x=0.19,
0.45 and 0.52) close to the respective nominal values. Anisotropic displacement parameters were
refined for each site and are given in Table 4 together with the corresponding calculated
equivalent isotropic parameters.

The crystal structures of the deuterides have been investigated by Rietveld refinement of
the neutron powder diffraction data. In each case, the overall metal substructure of LaNis is
retained. Tin was assumed to keep the same distribution on sites 2¢ and 3g as found for
intermetallic compounds and not further refined. For x=0.5 and x=0.4, deuterium occupies the
same four interstitial sites of space group P6/mmm as those in most other metal substituted LaNi;
compounds for deuterium contents between 5 and 6 D per formula unit : 44 (1/3, 2/3, z=0.38), 6m
(x=0.14, 2x, 1/2), 12n (x~0.47, 0, z=~0.11), 120 (x~0.21, 2x, z=0.33) [13,14]. The refined
occupancy factors are given in Table S. Total refined deuterium contents are in agreement with
compositions measured by Sievert's method during the loading of the deuterides. On the contrary,
for x=0.2, the refinement of the P6/mmm model lead to a deuterium composition far below the
measured composition (4.9 D/f.u. instead of 6.1 D/f.u.). By comparison with what is observed in
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LaNi;-D system, various models were tried following the work of Lartigue et al. [15]. As no
superstructure peak indicating the doubling of the cell was observed, the CaCus cell was
conserved. However, to take into account the possible ordering of deuterium atoms, the symmetry
was decreased to P6mm which lead to a splitting of three of the four deuterium sites as indicated
in Table 5. The refinement of non-constrained occupancies of those sites shows in each case the
preferential occupation of one of the two sites. To keep the number of refined parameters
reasonable, the atomic positions were refined but kept constrained by the pseudo-mirror
symmetry (i.e. it was assumed that the symmetry decrease is only due to difference in occupancy
factors of split sites and not in positional variations). Significant improvement of Rg,,, factor
(4.4% instead of 6.7%) is observed and the total refined deuterium content (6.2 D/f.u.) is now in
agreement with the measured value. In Fig. 2, the deuterium occupancy factors are plotted as a

function of tin composition.

4. Discussion

Cell parameters increase linearly with tin substitution (x) in LaNi; in agreement with the
replacement of nickel (Ry=1.24 A) by a larger atom (Rg,=1.62 A). Due to this difference in size,
the substitutioﬁ seems to be limited to x=0.5 where a significant amount of secondary phase is
found to precipitate. Cell volumes are in excellent agreement with those found by Luo et al. [8].
A linear decrease of the logarithmic plateau pressure at 25°C accompanies the cell volume
increase as was found at 100°C in this system [8] and as is generally observed in other
substitution systems of LaNi;. Decrease of the hydrogen capacity as a function of x is observed.

The crystal structure of the intermetallic substituted compounds with respect to the
location of tin atoms on the two possible nickel sites has been investigated by powder neutron
diffraction and single crystal X-ray diffraction. From powder neutron diffraction, with no doubts
and at any composition, tin appears to substitute exclusively on site 3g. This result is confirmed
by single crystal diffraction refinement for which occupancies of site 2¢ are not significant and is
in agreement with the trend for large atoms to substitute preferentially on this site where there is

more space to fit them [1].



Problems with anisotropic displacement parameters possibly related to positional disorder
were previously reported from X-ray single crystal diffraction experiments [7]. In our analyses, as
far as can be observed in Table 4, only a small anisotropy appears, lanthanum displacement
ellipsoid being elongated along the c¢ axis. Such anisotropic factors (U,; is 2-3 times U,,) are
commonly observed in inorganic crystal structure and more particularly with intermetallic
compounds without any questioning about the disorder. Those results have no common order
with what was previously reported [7] (U, up to 6 times U,, for La, U, up to 10 times U,; for
Ni,,) indicating inconsistencies in this paper. From our results, there is no reason to invalidate the
CaCu; model for those compounds. Finally, comparison can be made between the equivalent
displacement factors obtained by X-ray single crystal analysis with the values obtained from
neutron powder diffraction. The two techniques investigate two different kinds of particles
(electrons and nuclei). Therefore, the excellent agreement between displacement factors testifies
the quality of our model.

The crystal structure of the deuterides formed by LaNi, Sn, (x=0.2, 0.4, 0.5) alloys was
investigated for the first time. For x=0.4 and x=0.5, the model refined is in agreement with
previous studies on substituted LaNi; deuterides [14]. Occupancy factors were refined and values
obtained for the different sites correspond to what is generally observed in such systems. The
decrease of capacity with x value is explained by the smaller occupancy of each site as
summarized in Fig 2.

For x=0.2, the refinement clearly shows that the P6/mmm model is wrong. In the work of
Lartigue et al. [15] in which LaNi, deuterides are investigated as a function of composition, two
different kinds of ordering were taken into account :

- for low deuterium composition (LaNi;D;,) : decrease of symmetry from P6/mmm to
P6mm (keeping the same cell) due to ordering of deuterium atoms was considered : site 44 splits
into two sites 2b, 12n into two 6d, 120 into two 6e, 6m is conserved in 6e. For each of the split
sites, only the occupancy of one site per pair was considered, the other occupancy being fixed to
0. Finally, the authors could not choose between this P6mm model and the classical P6/mmm
model.

- for high deuterium composition (LaNi;D,,): a superstructure peak was observed
indicating a doubling of the cell along the c-axis. In addition to the ordering described for
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LaNi,D; , (exclusion of 14 sites per LaNi; unit), further splitting of the remaining sites occurs for
which occupancy factors are related by an order parameter o.. Space group becomes P6,mc.
Following this work, considering the low tin content which makes the compound close to
LaNi, and high deuterium content, it was assumed that a symmetry decrease could occur for
LaNi, ¢(Sn,,D,, sample. As no superstructure peak was observed in our pattern, only ordering of
the P6mm model was considered. Contrary to what was tried by Lartigue et al. and to clearly
decide between the P6mm and P6/mmm model, the occupancy factors of all the split sites were
refined in P6mm model. Similar occupancies for each corresponding site (e.g. 2b(1) (1/3,2/3,0.38)
and 2b6(2) (1/3,2/3,0.62) which derive from the 4k (1/3,2/3,0.32)) would have indicated that
P6/mmm was correct. On the contrary, occupancy of one site and total rejection of the other
would have corresponded to the P6mm model as refined by Lartigue et al. The results obtained in
this work clearly shows the ordering of deuterium atoms. However, it appears that the sites which

were not considered in the case of LaNi; are not completely empty.
5. Conclusions

The crystal structures of three LaNi;,Sn, compounds and their deuterides have been
investigated by single crystal X-ray and powder neutron diffraction. Concerning the intermetallic
compounds and for each composition, the P6/mmm CaCu, model is definitively confirmed and no
particular structural disorder is evidenced. Tin substitutes only for nickel and is exclusively
located on site 3g. For x=0.4 and x=0.5, the deuterium locations and occupancies agree with what
is generally observed for other substituted compounds deuterides. On the contrary, for x=0.2,
ordering of deuterium is observed leading to a symmetry decrease in the CaCu, cell. Similar
behaviour was already observed for LaNi, deuterides. As LaNi; itself has poor solid-gas cycling
properties, the peculiar capacity of tin substituted compounds to conserve good crystallinity after
extensive cycling can not be explained by unusual structural features of the deuterides. Therefore,
it seems that only the presence of a large substituted atom in site 3g, like in the case of aluminium
[5] is responsible for this behaviour. The exact mechanism for degradation and role of those large

atoms need still to be further investigated.
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Table caption

Table 1 : Compositional analysis of the alloys by EPMA

Table 2 : Results of the neutron diffraction Rietveld refinement for the intermetallic compounds
LaNi,_,Sn, (space group P6/mmm). Lattice parameters, tin occupancies, displacement parameters
for each site, goodness of fit and intensity agreement factor are given for each composition.

Table 3 : LaNi, Sn_ X-ray single crystal results (space group P6/mmm) (agreement factors,
min/max transmission factors and tin occupancies).

Table 4: LaNi, Sn, single crystal results (space group P6/mmm) (anisotropic displacement
factors in A? (U,,=U,,=0), equivalent isotropic factor U,, and corresponding B value).

Table 5: Results of the neutron diffraction experiments on LaNi, ,Sn  deuterides. Deuterium
composition from Sievert's method measurement, space group, lattice parameters, cell volume
and expansion as regard to the intermetallic compound, displacement factors (one only refined for
all the deuterium atoms), deuterium occupancies (in atoms per formula unit), total refined D

content and agreement factors are given.

Figure caption
Fig. 1 : P-c-T curves at 25°C for LaNi, Sn, compounds.

Fig. 2 : Deuterium occupancy factors as a function of tin composition in LaNi;_,Sn, deuterides.



Alloy (nominal) Composition Inclusions (wt %)
LaNi, ¢Sn,, Lag 99(1yNi4 go3yS1o 213 -
LaNi, (Sn, La, 1yNiy 612y 3502 Lag g¢Ni, 4,Sn, o, (1%)
LaNi, sSn, La, 61yNig 5101ySDo.4501) Lay 5sNi; ,Sn, o; (2%)

Table 1 : Compositional analysis of the alloys by EPMA

X 0.2 0.4 0.5
a(A) 5.051(1) 5.088(1) 5.104(1)
c(A) 4.020(1) 4.055(1) 4.074(1)

vV (A% 88.81 90.90 91.92

Sn 2¢ (atom/f.u.) -0.005(13) -0.013(16) -0.016(16)

Sn 3g (atom/f.u.) 0.205(13) 0.413(16) 0.516(16)

B,, (A% 1.08(2) 1.03(2) 1.27(3)

B,, (A?) 1.03(2) 0.94(2) 1.17(2)

B, (A% 0.79(2) 0.61(1) 0.78(2)
y 5.1 5.4 6.8
Rerage (%) 4.8 5.4 4.8

Table 2 : Results of the neutron diffraction Rietveld refinement for the intermetallic compounds -
LaNi, ,Sn, (space group P6/mmm). Lattice parameters, tin occupancies, displacement parameters

for each site, goodness of fit and intensity agreement factor are given for each composition.
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X 0.2 0.4 0.5

Rg; (%) 3.9 3.2 44

Goodness of fit 1.3 1.7 1.3

Min/Max 0.34/0.42 0.33/0.46 0.49/0.75
transmission
Largest unassigned 2.1 1.1 1.8
densities (e/A%) ’

Sn 2¢ (atom/f.u.) 0.02(4) 0.07(1) 0.06(2)
Sn 3g (atom/f.u.) 0.14(2) 0.38(1) 0.46(2)
Total Sn (atom/f.u.) 0.16(6) 0.45(2) 0.52(4)

Table 3 : LaNi,  Sn, X-ray single crystal results (space group P6/mmm) (agreement factors,

min/max transmission factors and tin occupancies).

Uy, U, Uss U, Ug ch=81t2Ueq

x=0.2

la 2U,, 22U, 0.0187(6) 0.0032(2) 0.0105(3) 0.83(2)

2c 2U,, 2U,, 0.0089(8) 0.0064(4) 0.0114(5) 0.90(4)

3g 0.0068(5) 2U,, 0.0087(5) 0.0022(3) 0.00659(4) 0.54(3)
x=0.4

la 2U,, 2U,, 0.0218(2) 0.0045(1) 0.0133(1) 1.05(1)

2c 22U, 22U, 0.0078(3) 0.0077(1) 0.0129(2) 1.02(1)

3g 0.0093(2) 2U,, 0.0068(2) 0.0035(¢1) 0.0079(1) 0.62(1)
x=0.5

la 2U,, 2U,, 0.0251(5) 0.0043(2) 0.0141(3) 1.11(2)

2c 22U, 22U, 0.0098(6) 0.0074(2) 0.0131(4) 1.03(3)

3g 0.0086(4) 22U, 0.0076(4) 0.0030(2) 0.0077(3) 0.61(2)

Table 4 : LaNi,_Sn, single crystal results (space group P6/mmm) (anisotropic displacement

factors in A’ (U,,;=U,,=0), equivalent isotropic factor U,, and corresponding B value).
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Intermetallic composition
D composition (deuterium
pressure (bar))
Space Group
a(A)

c (&)

V (&%) (AVIV(%))

D 2b(1) (1/3,2/3,0.38)
D 25(2) (1/3,2/3,0.62)
D 6e (0.14,2x,0.5)
D 64d(1) (0.47,0,0.11)
D 6d(2) (0.47,0,0.89)
D 6e(1) (0.21,2x,0.34)
D 6e(2) (0.21,2x,0.66)
Total D refined
B; (A%

2

X
Ryrugg

LaNi,4Sn,,
6.1(7.2)

Pémm
5.399(1).
4.307(1)

108.7(1) (+ 22.2%)

1.53(5)

1.70(3)

1.41(2)

-0.07(3)
0.55(3)
1.94(3)
2.65(5)
0.13(2)
0.16(4)
0.73(5)

6.2(3)

2.00(7)
8.6
44

D 4h (1/3,2/3,0.38)

D 6m (0.14,2x,1/2)
D 121 (0.47,0,0.11)

D 120 (0.21,2x,0.33)

LaNi, (Sn,,
5.8(6.7)

P6/mmm
5.392(1)
4.313(1)
108.6 (+ 19.6%)
1.14(3)
1.34(2)
1.14(1)
0.26(1)

1.88(2)
2.68(2)

0.69(2)

5.51(7)
1.82(6)
3.6
43

LaNi, ;Sn,
52(5.1)

P6/mmm
5.390
4.317
108.6(1) (+ 18.5%)
1.29(3)
1.48(2)
1.25(2)
0.21(1)

1.78(3)
2.61(3)

0.56(2)

5.15(9)
1.93(7)
6.7
5.5

Table S : Results of the neutron diffraction experiments on LaNis ,Sn, deuterides.
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Fig. 1 : P-c-T curves at 25°C for LaNi, ,Sn, compounds.
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Fig. 2 : Deuterium occupancy factors as a function of tin composition in LaNi, ,Sn, deuterides.
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